T HE NEUROPEPTIDE OXYTOCIN (Oxt) is well known
for its importance in parturition and milk ejection but has dynamic roles throughout the entire body (1) . The Oxt receptor (Oxtr) gene is expressed in many tissues including brain, uterus, kidney, ovary, testis, thymus, heart, vascular endothelium, osteoclasts, myoblasts, and several types of cancer cells (2, 3) . In the brain, the Oxtr is found in many regions including hypothalamus, olfactory bulb, amygdala and hippocampus (4) in which it has been implicated in the regulation of social behaviors such as affiliation, social bonding, maternal behavior, and social memory (5) (6) (7) . In humans, Oxt has been linked to social cognition (8 -11) , autism (12) (13) (14) , and anxiety (15, 16) .
Most Oxt is synthesized in magnocellular neurons of the paraventricular and supraoptic nuclei of the hypothalamus and released to the periphery from their axon terminals (17) . Lesser amounts of Oxt are generated by smaller, parvocellular neurons of the paraventricular nucleus and, depending on species, bed nucleus of the stria terminalis, medial preoptic area, and lateral amygdala and released within the brain. In both the periphery and the central nervous system (CNS), the Oxt signal is transduced by a single Oxtr isoform. Oxtr belongs to the G protein-coupled receptor family and is coupled to phospholipase C through G ␣q11 (18) .
Previously, we and others have reported that Oxt knockout (KO, Ϫ/Ϫ) mice do not release milk through suckling and are thus incapable of caring for their offspring. Interestingly, Oxt Ϫ/Ϫ mice have otherwise largely normal parturition (19, 20) , and studies in virgin females have revealed only mild disturbances in maternal behavior (21) . Oxt Ϫ/Ϫ mice do, however, have impaired social memory, as measured in a social recognition test (for review see Ref. 22) . The lack of robust deficits in maternal behavior in Oxt Ϫ/Ϫ mice was hypothesized to be due to compensatory mechanisms through activation of the Oxtr by vasopressin or via developmental compensation (22, 23) . Vasopressin can activate the Oxtr in Oxt Ϫ/Ϫ mice, at least within the ventromedial hypothalamus (24) .
Inactivation of the Oxtr was reported previously (25) , but it was not conditional [that line (25) has a mutated loxP site that prevents its use as a conditional KO (Young, L., personal communication)]. As with the Oxt Ϫ/Ϫ mice, milk ejection was impaired but parturition was not. These mice had deficits in social recognition and maternal behavior as well as increased aggression.
To avoid potential developmental effects of Oxtr inactivation (e.g. poor social learning as neonates), we chose to develop a conditional Oxtr knockout mouse that would allow for temporal and spatial inactivation of the receptor. The approach would also allow the separation of peripheral from CNS receptor effects. We report here the construction and phenotype of a traditional whole-body Oxtr KO (Oxtr Ϫ/Ϫ ). Furthermore, we demonstrate the functionality of this conditional KO through generation of a relatively forebrainspecific KO (Oxtr FB/FB ) using Ca 2ϩ /calmodulin-dependent protein kinase II␣ (Camk2a) promoter-driven Cre recombinase expression.
Materials and Methods

Generation of mice lacking Oxtr in the forebrain
To generate the targeting vector construct (Fig. 1A) , 129/Sv mouse genomic DNA fragments were amplified by PCR. A 3.4-kb 5Ј fragment containing the Oxtr promoter and exon 1 was inserted upstream of a phosphoglycerate kinase promoter-driven neomycin resistance cassette (pgk-neo r or neo) flanked by Flp recognition target (FRT) sites. For the 3Ј homology part of the construct, a 1.3-kb of fragment containing exons 2 and 3 was inserted between two loxP sites, and a 2.9-kb fragment was added to its 3Ј end. A diphtheria toxin A gene were used to select against random insertion. After electroporation into ES cells (129/Sv R1 cell line), DNA samples from G418-resistant clones were screened by PCR and then digested with SpeI for confirmational analysis by Southern blotting using an internal probe. The ES cells were injected into blastocysts to generate chimeras. Tail DNA Southern blotting was also performed to check the targeted alleles. Correctly targeted alleles produced a 8.2-kb SacI fragment owing to the insertion of the selectable drug-resistant maker (neo gene), compared with the wild-type (WT) allele of 6.4 kb (Fig. 1B) . The neo cassette, flanked by FRT sites, was removed by crossing the conditional KO line with a transgenic mouse expressing FLPe recombinase using a human ␤-actin promoter (B6;SJLTg(ACTFLPe)9205Dym/J; The Jackson Laboratory, Bar Harbor, ME) (26) . This generated mice with a floxed Oxtr allele (Oxtr ϩ/flox ). Homozygous floxed mice (Oxtr flox/flox ) did not differ from WT littermates and expressed normal amounts of Oxtr (supplemental Fig. 1 (29) . This led to heterozygous progeny with one Oxtr allele inactivated throughout (Oxtr ϩ/Ϫ ). We crossed these mice to get homozygous total Oxtr KO (Oxtr Ϫ/Ϫ ) mice. Due to the early postnatal activation of Cre expression in L7ag13 transgenic mice (see below), adult mice older than 10 wk were tested in general health and behavioral studies.
Genotyping
Mice were genotyped by PCR using specific primers (Table 1) on DNA extracted from tail snips. A single forward primer, Seq. 1, was designed for amplification of the WT, neomycin resistance cassette, and floxed and recombined loci. The first reverse primer, Seq. 4, was designed to amplify both WT and floxed loci (221 and 291 bp, respectably). The second reverse primer, Neo-1, was designed to detect the neomycin resistance cassette (460 bp). The third reverse primer, DTAo10.3, was designed to amplify the recombined locus (150 bp). To identify mice carrying the Cre recombinase transgene, two primers were used to amplify a specific product of 460 bp. The PCR was carried out for 
Southern blot analysis
Ten micrograms of ES cells or tail genomic DNA were digested overnight with SpeI or SacI, respectively. Digested DNA was resolved on a 0.8% agarose gel and transferred to a Hybond Nϩ membrane (Amersham, Piscataway, NJ). Both the internal (1.45 kb, GenBank accession no. NT_039353.7, bases 64753978 -64755430) and the 3Ј external (845 bp, GenBank accession no. NT_039353.7, bases 64748095-64748939) probes were generated by PCR. Probes were labeled with 32 P-dCTP (ES cells) or biotin (tail DNA) using the BioPrime DNA labeling system (Invitrogen, Carlsbad, CA). Labeled probes were applied to the membrane at 65 C. The signals were detected using x-ray film or Image Station 2000R (Kodak, Rochester, NY).
Maintenance of mice
Animal housing and procedures were carried out in accordance with the National Institutes of Health guidelines on the care and use of animals using an animal study protocol approved by the National Institute of Mental Health Animal Care and Use Committee.
Oxtr autoradiography
The distributions of Oxtr binding sites were determined using modifications of previously described methods (30, 31) . Briefly, 12 m freshfrozen brain sections were thaw mounted onto SuperFrost Plus slides and stored at Ϫ80 C until needed. The slides were then placed on a room temperature surface for 10 min, rinsed in 170 mm Tris-HCl (pH 7.4), for 5 min, and fixed in 0.5% formaldehyde in PBS for 5 min. They were rinsed in the binding solution [160 mm Tris-HCl (pH 7.4) per 10 mm MgCl 2 per 0.05% bacitracin per 0.1% BSA] for 5 min before incubation in the same solution containing 50 pm 125 I-ornithine vasotocin analog (OTA; NEX 254; PerkinElmer, Waltham, MA) for 1 h. The slides were then rinsed with ice-cold binding solution twice for 5 min followed by 50 mm Tris-HCl (pH 7.4) per 100 mm MgCl 2 over a gently rotating stir bar for 35 min at room temperature. The slides were then rapidly dipped in water and the sections blown dry. The sections were then apposed to x-ray films for 3 wk.
Phenotyping
General methods. Measures of general health, neurological reflexes, sensory abilities and motor functions, sucrose intake, and social memory were conducted as previously described (32) (33) (34) . Adult animals were housed in a vivarium on a 12-h light, 12-h dark cycle with food and water provided ad libitum. All testing was completed during the light phase of the light-dark cycle unless noted otherwise.
The initial cohorts of Oxtr Ϫ/Ϫ and Oxtr FB/FB mice were tested on measurements of general health, followed by sensory, motor, and anxiety tasks, and sucrose intake (see Tables 2 and 3 for numbers and ages) . For all tests, the WT animals used as controls were littermates; the two cohorts were tested in different facilities.
General health
Each mouse was observed and any abnormalities in the general appearance of the fur, whiskers, posture, and gait were recorded. In addition, mice were observed for 3 min in a novel cage to assess any stereotypies. Neurological reflexes were assessed, including eye blink, ear twitch, righting reflex, and trunk curl.
Sensory
Vision was measured by confirming forepaw reaching. This was accomplished by holding the mouse by the tail and lowering toward the surface of a table. Hearing was tested by the Preyer startle response to a loud clap. Olfaction was measured using a habituation-dishabituation task, which consisted of 2-min presentations of five odorants three times each with a 1-min intratrial interval. The odorants used were water, almond extract (1:100), and male mouse urine (1:100) (collected from group-housed males). Odorants were presented to mice on cotton swabs suspended from the cage lid about 4 cm above the bedding. The amount of time mice spent in proximity (Ͻ1 cm) to the cotton tip was recorded. The presentation of the same odor three times assayed habituation, and switching to different odors, some with social valence, tested dishabituation. Each test was conducted in a clean mouse cage containing fresh bedding.
Motor
Mice were tested for motor coordination using the accelerating Rotarod (San Diego Instruments, San Diego, CA). Mice were placed on a rod that was set to accelerate from 0 to 60 rpm over 120 sec. The latency to fall (as detected by photobeam sensors) was recorded. Muscle strength was measured using the hanging wire cage test. Mice were placed on the underside of a standard wire rat cage top approximately 20 cm above a large cage containing soft wood-chip bedding. The latency to release was recorded, with a maximum latency of 60 sec.
Most of the general health measurements and sensorimotor tasks were compared between genotypes using a one-way ANOVA. The exception was the olfaction test for which repeated measures ANOVA was run to look for main effects of odor and genotype. Habituation was measured by a decline in time spent sniffing within an odor set. Dishabituation was measured by an increase in time spent sniffing to the first presentation of an odor in an odor set, compared with the last presentation of the previous odor in an odor set. P Յ 0.05 was considered statistically significant.
Sucrose intake
Two drinking bottles (50-ml plastic tubes with a 6.4-cm sipper tube; Ancare, Belmore, NY), one containing drinking water and the other containing a 10% sucrose solution, were freely available to mice individually housed in standard mouse home cages. Bottle weights and body weights were measured every 24 h for 6 d. Throughout the experiment, the positions of the water and sucrose bottles were changed daily. Additionally, control bottles were placed in an empty cage to measure for evaporative and handling loss of water and sucrose. Sucrose intake for each day was converted to grams of sucrose per kilogram of body weight per 24 h (grams per kilogram per 24 h) and then averaged for all 6 d of measurement. The data were then analyzed using a one-way ANOVA to determine whether there was an effect of genotype on the amount of sucrose consumption. P Յ 0.05 was considered statistically significant.
Behavioral examination
Anxiety. Anxiety-like behavior was assessed on two tasks: the novel open-field test and the elevated plus maze as previously described (23, 32) except that the inner square was 32 ϫ 32 cm and the exploration time was 20 min. Open-field testing occurred 1 wk before elevated plus maze testing. Mice used in these tests were the same as those used for general phenotyping. Both tests were performed under dim white light illumination (100 lux for the elevated plus maze and 200 lux for the open field) during the dark phase of the light-dark cycle. Both the open-field and elevated plus maze were cleaned with 70% ethanol between each animal, and an observer blind to the genotype of the animals completed the testing. The data collected from the two genotypes were compared using a one-way ANOVA. P Յ 0.05 was considered statistically significant. Social recognition. The two-and five-trial social recognition tasks were performed as described previously (32, 33, 35, 36) . Subject males were individually housed at least 2 wk before testing to allow for a home cage territory to be established. All stimulus animals were ovariectomized BALB/c females. Sex behavior was extinguished as previously described (32) with genotypic differences in the times necessary. Animals that did not extinguish their sex behavior by d 8 were not included in the final statistical analysis because their mounting introduced a confound when trying to measure investigation time. For the tests of social recognition in the Oxtr Ϫ/Ϫ mice, WT (n ϭ 8) and KO (n ϭ 8) males were used; in the Oxtr FB/FB mice, WT (n ϭ 10) and KO (n ϭ 10) males were used. For all tests, the WT animals used as controls were littermates. Ages of the mice at the start of testing were: WT, 113. In the two-trial task, if subject animals were presented with a familiar female on trial 2 (30 min after trial 1) of wk 1, then 1 wk later, they were presented with a novel female on trial 2 of wk 2 and vice versa. Within each genotype, the time spent investigating in trials 1 and 2 for the familiar and novel females were compared using a paired-samples t test.
One week after completion of the two-trial social recognition task, subject males (WT and Oxtr FB/FB ) completed the five-trial social recognition task (adapted from Ref. 36 ). Subject males remained singly housed throughout the task, and ovariectomized BALB/c females were again used as stimulus females with 10 min between trials. The five trials were compared between genotypes using a repeated-measures ANOVA with genotype and trial as the main factors. 
Results
Generation of Oxtr Ϫ/Ϫ and Oxtr FB/FB mice
We flanked the neomycin selectable marker in an intron by FRT sites and Oxtr coding sequence by loxP sites (Fig. 1A) . This permitted their removal using the FLP-FRT and CreloxP systems, respectively (37, 38) . Successful recombination at the Oxtr allele in ES cells was confirmed by Southern blot analysis (Fig. 1B) after initial screening by PCR. For the Oxtr FB/FB mice, we used transgenic mice that used the Camk2a promoter to drive Cre recombinase expression in the forebrain (L7ag13) (27) . The Oxtr Ϫ/Ϫ mice were produced through leaky paternal germ cell expression of Cre recombinase (29) . WT, floxed, and recombined alleles were confirmed through PCR analysis (Fig. 1C) . The heterozygous dams from the Oxtr Ϫ/Ϫ line have smaller litter sizes on average, compared with the heterozygous dams from the Oxtr FB/FB line (5.7 Ϯ 0.3 pups vs. 7.1 Ϯ 0.5; F ϭ 5.87, P ϭ 0.03, one-way ANOVA with genotype as factor). Homozygous Oxtr Ϫ/Ϫ mice successfully deliver mice, but details of parturition were not studied. The Oxtr FB/FB mice demonstrate normal milk ejection, whereas the Oxtr Ϫ/Ϫ do not (no milk in the stomachs of their pups).
Oxtr binding in the brain
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Water, first exposure 3.0 Ϯ 0.5 2.6 Ϯ 0. Fig. 1 ), indicating the loxP insertions did not affect Oxtr levels. However, the knock-in mice in which the neomycin cassette was left in intron 1 of the Oxtr gene (Oxtr Neo/Neo ) show not only reduced levels of Oxtr but also ectopic distribution, especially in the striatum (supplemental Fig. 1 ).
WT Oxtr binding (Fig. 2 , A-C) is consistent with previous autoradiographic (36, 39) and Oxtr-lacZ reporter (4) studies in mice. Although the Oxtr FB/FB mice show greatly reduced binding in most of the forebrain, especially within the lateral septum, hippocampus, and ventral pallidum (Fig. 2, D-F) , significant levels remain in the anterior olfactory bulb and nucleus (Fig. 2D ), medial amygdala (Fig. 2F) , and neocortex (Fig. 2, E and F) . We did not observe any consistent differences in Oxtr binding between Oxtr FB/FB mice obtained from different breeding pairs or between sexes. Furthermore, Cre expression is temporally ineffective in inactivating the Oxtr gene until after postnatal d 21 (Fig. 3) . We also did not observe any histological abnormalities in the brains of any of the mice.
General health measurements and basic behavioral analyses
The data for general health measurements, anxiety, and sucrose intake are summarized in Tables 2 and 3 for male and female mice, respectively. There are no phenotypic differences between male or female Oxtr Ϫ/Ϫ mice, compared with WT controls, including for vision, hearing, and olfactory habituation/dishabituation (Tables 2 and 3) . Similarly, assessments of male and female Oxtr FB/FB mice indicated no differences, compared with controls, on measurements of general health, sensorimotor functions, anxiety-like behavior, and sucrose intake with one exception: the Oxtr FB/FB mice weigh less (which may explain the longer wire hang time for the male Oxtr FB/FB mice) and that difference becomes more exaggerated with age (supplemental Fig. 2) .
Social recognition
As has been previously reported in total KOs (25) , Oxtr Ϫ/Ϫ mice have impaired social recognition on the two-trial task because they continue to investigate a familiar female as if she were novel (P ϭ 0.314), rather than showing reduced investigation time as seen in WT controls (P ϭ 0.007) (Fig. 4A) . The investigation times did not significantly differ between trial 1 and trial 2 in WT (P ϭ 0.708) or Oxtr Ϫ/Ϫ mice (P ϭ 0.462) when presented with a novel female. The Oxtr FB/FB mice, on the other hand, show a different impairment of social recognition, with decreased investigation times by Oxtr FB/FB when presented with either the familiar (P ϭ 0.030) or the novel (P ϭ 0.003) female in the second trial (Fig. 4B) . However, in the subsequent five-trial social recognition study, with shorter times between tests but longer overall duration, Oxtr FB/FB mice do not significantly differ from WT controls and investigate a novel female significantly more than a familiar female (Fig. 4C) , indicating that Oxtr FB/FB mice do not lose interest during the social recognition tasks.
Discussion
In the present study, we have shown that Oxtr Ϫ/Ϫ mice do not differ from WT controls in many aspects of their behavior but have distinct phenotypes in a social memory task. In general, measures of health, including reflexes, sensory, and motor tests, the Oxtr Ϫ/Ϫ and Oxtr FB/FB mice perform similarly to their WT littermates.
Previously Amico et al. (40) found that Oxt has a role in restraining the consumption of sugar solution. Specifically, female and male Oxt Ϫ/Ϫ mice have significantly enhanced initial and sustained sucrose intake (40) ; this enhanced intake is independent of photoperiod (41). It is for this reason that we examined sucrose intake in males from Oxtr Ϫ/Ϫ mice. We found that sucrose intake does not differ from that of WT controls, suggesting that Oxt acting via the Oxtr may not be responsible for the restraining sugar intake, at least in males.
It is intriguing that the Oxtr KO lines differ in their performance on the social recognition task. The reduced social recognition (social amnesia) in Oxtr Ϫ/Ϫ mice in this study is consistent with previous reports demonstrating that Oxt is critical for normal social recognition (25, 36) . However, Oxtr FB/FB mice show a different type of impaired social recognition: they appear to fail at recognizing individual mice. One potential explanation is that these mice are less motivated in subsequent tasks. This is unlikely because they perform the five-trial task the same as the WT mice and, in unpublished observations in which novel and familiar mice are presented simultaneously, no decrease in total exploratory time is seen. Future studies exploring their social cognition are planned and will likely provide greater insight into specific phenotypic differences between the Oxtr Ϫ/Ϫ and Oxtr FB/FB mice. Other Cre-expressing transgenic lines or anatomically precise injections of Cre-expressing viruses should lead to a more complete understanding of Oxt's role in social recognition.
This initial example of the use of the conditional KO is only one of potentially many. The Oxtr FB/FB mice are able to eject milk so it should be possible to generate a variety of lines in which a subpopulation of CNS Oxtr is inactivated yet the inability to eject milk is not a confound in evaluating maternal care. These may lead to useful models of neurodevelopmental disorders as we evaluate the influence of Oxt at different ages or stages of development. Conversely, with appropriately timed and targeted expression of Cre recombinase in the periphery, it should be possible to better understand Oxtr's role there by comparing the pre-and postinactivation physiologic states.
